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Abstract The cis-vacant configurations of smectites and
illites have been studied theoretically by using transfer-
able empirical interatomic potentials. A wide range of
compositions of octahedral and tetrahedral cation and
interlayer charge has been considered. All results have
been compared with the trans-vacant configurations in
each sample. The calculated values reproduce the dif-
ferences in the lattice parameters between the cis- and
trans-vacant configurations of experimental studies.
Taking into account the cis-/trans-vacant proportion,
the calculated structures agree with experiment for the
main structural features of the crystal lattice. The effect
of the cation substitution in the octahedral and tetra-
hedral sheets on the cell parameters has been also
studied, finding good linear relationships. The calculated
cation substitution effects are consistent with experi-
mental results. Although the energy difference between
the cis- and trans-vacant configurations is small, the cis-
vacant is more stable when the composition of clays is
more smectitic, like the experimental behaviour. Similar
trends of the cation substitution effect on the cis-/trans-
vacant proportion to the experimental results are found.
The structure of the hydroxy groups has also been
analysed. The OH bond length, the orientation of the O—
H bond with respect to the (001) plane and the non-
bonding H...O distances have been studied.
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Introduction

Clay minerals have a layer structure where two tetra-
hedral layers sandwich a sheet of octahedrally coordi-
nated cations. These minerals have a wide range of
chemical composition and different isomorphous cation
substitutions in the octahedral and tetrahedral sheets. In
dioctahedral clays, isomorphous substitution of AI*" by
Mg”" in the octahedral sheet, or Si**" by AI’" in the
tetrahedral sheet, results in a net negative charge. This
charge is compensated by the presence of additional
cations in the interlayer space. Cation substitutions in
octahedral and tetrahedral sheets create disordering
phenomena in the crystal lattice structure of these min-
erals. Besides, the geometrical similarity of these layer
silicate structures facilitates the formation of structures
containing different kinds of layers and different ordered
and disordered sequences of layers. All these types of
structural disorder and the small size of the crystals in
clays make it difficult to obtain a good experimental
structural data of these minerals by X-ray, neutron or
electron diffraction techniques, especially in smectites
and illites. The valuable catalytic and adsorptive prop-
erties of clays urge us towards having an interest in
establishing a firm theoretical understanding of their
structure and behaviour.

In dioctahedral phyllosilicates, one of the three
symmetrically independent octahedral positions is not
occupied by cations; it is a vacant site. The disposition of
the hydroxyl groups in the octahedral sheet with respect
to this vacancy defines two kind of configurations: cis-
vacant and trans-vacant, when these OH groups are in
the same side or in the opposite side with relation to the
vacant site, respectively (Fig. 1). The 2:1 layer will have
a centre of symmetry in the frans-vacant configuration
and the cis-vacant one will have none (Tsipursky and
Drits 1984). In smectites, the octahedral sheet tends to
be cis-vacant while the illites have mainly a trans-vacant
disposition (Drits et al. 1998). The cis-vacant/trans-va-
cant proportion can be determined in illite/smectites
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Fig. 1a, b Octahedral sheet of cis-vacant (a) and trans-vacant (b)
configuration in dioctahedral 2:1 phyllosilicates. Black circles repre-
sent OH groups, M and V are the octahedral centres, V is the vacant
position and M is the occupied cation site

(I/S) by X-ray diffraction and thermal analysis, but only
with a semiquantitative accuracy (Drits et al. 1998). The
cis-vacant disposition dehydroxylates at a higher tem-
perature compared to the trams-vacant (Cuadros and
Altaner 1998). However, it is not clear whether the trans-
vacant configuration is more stable than the cis-vacant.
During dehydroxylation, AI** cations in the cis-vacant
smectite move from trans-octahedral sites to cis-octa-
hedral sites, obtaining the trans-vacant disposition in the
rehydroxylation. This cation arrangement requires ad-
ditional thermal energy and explains the higher dehy-
droxylation temperature of the cis-vacant smectites
(Emmerich et al. 1999). On the other hand, the reactivity
of the OH groups depends on the nature of the cations
joined to them. Therefore, the cation distribution in the
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octahedral sheet of these minerals is important in these
dehydroxylation processes and other natural transfor-
mations. In the bentonite illite/smectite transformations,
an increase in Fe segregation was observed with the in-
crease in illite layers (Cuadros et al. 1999). At the same
time, the proportion of the trans-vacant configurations
increases with the proportion of illite; however, no linear
relationship between both proportions was obtained in
this process (Cuadros and Altaner 1998). One of the
aims of this work is to study these cis-vacant/trans-
vacant systems at microscopic scale and the influence of
the isomorphous substitution of cations in the octahe-
dral sheet on the crystal lattice geometry of both
systems.

Despite the increasing applicability of first-principles
quantum-mechanical methods to the solid state, the
computational effort of these methods limits their ap-
plication to large systems with low symmetry, like these
systems (Sauer et al. 1994). Atomistic calculations with
empirical potentials based on the Born model of the
ionic lattice, which employ interatomic potentials to
represent the short-range interactions between ions, are
fast, and provide enough accuracy for reproducing
properties of several framework silicates (Dove 1989;
Winkler et al. 1991). These methods have been also
applied in layered 2:1 phyllosilicates in a trans-vacant
disposition with good agreement with experimental
structural data (Sainz-Diaz et al. 2001). One of the aims
of this work is to extend this study to cis-vacant smec-
tites for reproducing the experimental structure of di-
octahedral 2:1 phyllosilicates with low interlayer charge
and thus to assess the transferability of certain previ-
ously published interatomic potentials (Sainz-Diaz et al.
2001) for modelling the structures of these complex
minerals.

The H-atom positions are especially difficult to locate
in the crystal lattice of clay minerals experimentally by
standard X-ray diffraction. Nevertheless, neutron dif-
fraction has given some interesting results with high-
quality crystals in micas (Catti et al. 1994). However,
this quality of crystal is difficult to obtain in smectites
and illites due to the small crystal size and stacking
disorder. Therefore, theoretical calculations are very
useful to assist in locating the H atoms in the crystal
lattice of clay minerals. In this work, we analyse the H-
atom positions, O—H bond orientations and H-bonding
interactions from our calculations in smectites and illites
structures.

Methods

Interatomic potentials are Coulomb interactions between the ionic
charges and a short-range function which describes the non-Cou-
lombic interactions between ions, that is the Pauli repulsion at
short range and the dispersion forces at longer ranges (Abbot et al.
1989a, b; Collins and Catlow 1992; Winkler et al. 1991). Electro-
static Coulomb interactions are evaluated by the Ewald method
using formal charges on all atoms, except for the OH species,
whose component atoms have partial charges chosen so as to
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reproduce the dipole moment of the OH group. The short-range
cation/oxygen interactions are described by Buckingham poten-
tials:

E=Aexp(—r/p)— Cr S, (1

where the exponential and the r~° terms describe the repulsive
energy and the longer-range attraction, respectively.

In the modelling of all oxygen atoms, except those from
hydroxy groups, electronic polarisability effects are taken into
account by using the shell model. In this model the atoms are
considered to consist of a core comprising the nucleus and tightly
bound inner electrons, surrounded by a massless shell of the
remaining outer electrons. The core is assigned a charge of
+0.84819¢ and the shell a charge of —2.84819¢, maintaining the
formal value for the overall ionic charge. The shell and core are
held together by an ideal harmonic core—shell interaction:

E=1/2Kg? | )

where Kg is the harmonic spring constant and r is the separation
between the centres of core and shell.

The O and H atoms within the hydroxyl group are given non-
formal charge values, although the overall charge on the hydroxyl
molecular ion has a formal charge of —1e. The intramolecular OH
interaction is described by a Morse potential:

—a(r—ro)))* =1} , 3)

where r and ry are the observed and equilibrium interatomic dis-
tances, respectively. Coulomb forces are not included between at-
oms coupled by a Morse potential, as it is assumed that this

E = D{(1 — exp|

potential describes all components of the interactions between both
atoms.

Covalent effects are simulated using three-body bond-bending
interactions

E=1/2k(0—00)* , (4)

where k is the harmonic three-body force constant, and 6 and 0, are
the observed and ideal bond angles, respectively.

The values of the parameters for the potentlals used in this work
are described in Table 1. An empirical AI>*—O?" potential has been
used for all coordinations (Jackson and Catlow 1988). Although
the OH groups are joined to cations of the octahedral sheet, they
are close to the cations of the tetrahedral sheet. Then, we include an
empirical Sitt ~0!:426= potential for the Si/OH interactions (Col-
lins and Catlow 1992). Since the isomorphous substitution of Mg
and Fe occurs in the octahedral sheet, the Mg—-O dnd Fe-O po-
tentials were also included for both types of oxygens (0>~ and OH).
The longer-range H bonds (OH...O) are described by an H-O
Buckingham potential (Winkler et al. 1991). For modelling the
interlayer space interactions with exchange cations, the K-O
potential from Post and Burnham (1986), the Na-O and Ca-O
potentials from Bush et al. (1994) (Bosenick et al. 2000) and the
Mg-O potential from Gale (1997) described quite well the inter-
layer interactions. All these parameters have been used to model
accurately structures and crystal properties of the main rock-
forming silicate minerals and layer 2:1 phyllosilicates (Sainz-Diaz
et al. 2001). All lattice energy calculations have been performed by
means of the GULP code with the Newton-Raphson minimisation
method for the lattice relaxation (Gale 1997).

Table 1 Interatomic potential

parameters used in this work A P, c 6 Reference
(V) (A) (eV A9
Short-range interactions®
i*t-0*" 1283.9073 0.3205 10.6616 b
Si*tt_Ql420- 999.98 0.3012 0.0 b
PP r_Ql426- 1142.6775 0.2991 0.0 c
APT-0* 1460.3 0.2991 0.0 b
Fe3t-0? ¢ 3219.335 0.2641 0.0 e
Mg? " —Q!4%0- 1142.6775 0.2945 0.0 b
Mg> " -0*" 1428.5 0.2945 0.0 o
K -0* 65269.71 0.2130 0.0 b
a -0 1271.504 0.3000 0.0 e
Mg?* (interlayer)-O*" 946.627 0.31813 0.0 f
Ca?™-0* 2272.74 0.2986 0.0 e
=0~ 22764.0 0.149 27.88 b
HO4%6+_0%" 325.0 0.25 0.0 b
Short ;lange 1nteract10nsb D (eV) a (A") To (A)
HO420 _Ql+4 7.0525 2.1986 0.9485 b
Shell-core interaction K (eV A’z) .
0L 03" 7492
Three body bond bending® k& (eV rad3) 0o (°)
-Si* 2.09724 109.47 b
02— A13*(T) 0+ 2.09724 109.47 b
0*-M(Oc)-0*" 2.09724 90 b
0% —M(Oc)-0"+?%= 2.09724 90
O _M(Oc)-0'**%~  2.09724 90

* Parameters for the Buckingham potentials between cation cores and oxygen shells. When the para-
meter C = 0.0, the function takes the form of Born-Mayer potentials. Cutoff at 12 A

®Winkler et al. (1991)
¢Schroder et al. (1992)
02’ or O:426-

€ Bush et al. (1994)
TGale (1997)

gModlﬁed Morse potential between cores
" Tin the tetrahedral sheet Oc in the octahedral coordination; M any cation in the octahedral sheet,

APT, Fe*™ and Mg?™



Partial occupancies of Si and Al were included in the crystal-
lographic positions of the tetrahedral sheet, since disordered tet-
rahedral cation distributions were found experimentally in micas
(Herrero and Sanz 1991). In illite/smectite systems, spectroscopic
studies and inverse MC simulations showed an MgMg pair
avoidance and a partial short-range Fe segregation in the octahe-
dral sheet, but no specific ordering was found (Cuadros et al. 1999).
Besides, the cation ordering in the octahedral sheet does not sig-
nificantly affect the crystal lattice parameters of these systems, since
the experimental data are averaged values. Therefore, partial oc-
cupancies of Al, Mg and Fe have been also included, taking into
account the chemical composition of these cations. This approach
treats each distinct cation site as equivalent in each unit cell, and is
a type of mean-field approach, often called the virtual crystal ap-
proximation. This approximation has been used to great effect in a
number of studies on the behaviour of disordered crystals from a
structural perspective (Winkler et al. 1991; Dove et al. 1993; Dove
and Redfern 1997). Hence, this approximation can be considered
valid by the good agreement obtained with the experimental data in
theoretical studies on 2:1 phyllosilicates with trans-vacant config-
uration (Sainz-Diaz et al. 2001).

In the illite/smectite samples, no experimental atomic coordi-
nates were available. Nevertheless, the initial geometries were taken
from the models proposed by Tsipursky and Drits (1984) by means
of oblique-texture electron diffraction studies of dioctahedral
smectites. The initial hydrogen positions of smectites and illites
were taken from the Giese (1979) studies on pyrophyllite, and
optimised previously by us.

Results

A wide range of compositions generating different tet-
rahedral, octahedral and interlayer charges for I/S
mineralogical species is considered (Table 2) by includ-
ing different cation substitutions of AI’" by Mg?" and
Fe’*, and Si** by A" in the octahedral and tetrahe-
dral sheet, respectively. Some of the samples modelled in
this work have no tetrahedral charge (samples 1-3), or a
high tetrahedral charge (14-17). There are also a sample
without octahedral charge (5), a sample with a very high
octahedral charge (6), another with a very low interlayer
charge (4) and samples with a high interlayer charge

Table 2 Chemical composition of the phyllosilicate samples stu-
died. Structural formulae on the unit-cell basis for O,o(OH),

Sample Si** AP AP Mg?*  Fe*t Interlayer
(T) (T) (Oc) (Oc) (Oc) cation

1 8 3.5 0.5 Nag 5
2 8 3 1 Na,

3 8 2.8 0.7 0.5 Ko7

4 7.9 0.1 39 0.1 Koz

5 7.6 0.4 4 Na0‘4
6 7.6 0.4 2.4 1.6 K,

7 7.2 0.8 3.7 0.3 Ky,

8 7.2 0.8 3.5 0.5 K3

9 7.2 0.8 33 0.7 Na s
10 7.2 0.8 3.3 0.7 Mgy 75
11 7.2 0.8 3.3 0.7 Ca0_75
12 7.2 0.8 3 0.5 0.5 Nay 3
13 7.2 0.8 3 0.5 0.5 K3
14 7.13 0.87 33 0.7 K57
15 7.13 0.87 2 1 1 Kig7
16 7 1 1.8 0.4 1.8 K4
17 6.5 1.5 3.5 0.5 K,
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(6, 15, and 17). Different interlayer cations have been
used (K", Na*, Mg?", and Ca’"). Finally, samples
with a very high Fe’ " content in the octahedral sheet
have also been included (15 and 16).

The unit-cell parameters of the cis-vacant calculated
structures are described in Table 3 including also the
values corresponding to the frans-vacant configuration
(Sainz-Diaz et al. 2001) and the experimental values. In
general, the calculated values of the cell parameters a, ¢
and f are lower in the cis-vacant configurations than in
the trans-vacant structures. A similar phenomenon was
found experimentally by Drits and McCarty (1996) in
the parameters ¢ and f§ on illites and illite/smectite sys-
tems. The parameter b is slightly higher in the cis-vacant
structures than in the trans-vacant.

We can calculate the crystal lattice parameters, taking
into account the cis/trans proportion for each compo-
sition. These values will be a statistically weighted sum
of the values for each configuration (cis or trans). With
these weighted calculations the agreement between
experimental and calculated values is higher than if
considering only the cis- or the trans-vacant values
(Table 3). This means that the cis/trans proportion is
important to determine the lattice parameters, since they
are average values of both types of configurations.
However, this agreement is not so good in cases where
the cis-vacant configuration was considered negligible in
the experimental studies. This fact was expected, since
these experimental cis/trans proportions were only ap-
proximate and semiquantitative values. Tsipurski and
Drits (1984) classified their samples in three groups,
taking into account the value of the modulus of the
projection of the ¢ axis on the (a, b) plane (|c.cos f|).
This factor could be considerably greater than a/3 (0%
of cis-vacant), smaller than a/3 (75-100% of cis-vacant)
or equal or slightly higher than /3 (intermediate pro-
portion of cis-vacant). Hence, the parameter
(t = |c.cos f|/a) can be one way to determine the pro-
portion of cis-vacant or trans-vacant layers. This pa-
rameter t can be calculated from the d values of the
XRD reflection lines and it will be a statistically
weighted sum of the values for each configuration cis or
trans (considering a random interstratification of cis and
trans-vacant layers). Experimental studies need to find
the values of 7 for pure cis-vacant or trans-vacant con-
figurations for the fitting procedure in the XRD patterns
and the quantitative determination of cis/trans propor-
tion. However, different values have been reported for
similar samples [7.; = 0.308 and t,.,, = 0.383 (Drits
et al. 1993; McCarty and Reynolds 1995); 7., = 0.302
and 7;.,,s = 0.400 (Drits and McCarty 1996)]. Our cal-
culations permit us to determine these values for pure
cis-vacant and pure trans-vacant layers for cation
compositions (samples 8, 13-15 and 17) similar to
experimental samples [K(, + ,)(Sis_ Al)(Al;_, Mg, Felt)
0,0(OH),4, where x, y and z are in the ranges of 0.8-1.5,
0.5-1 and 0-1, respectively; McCarty and Reynolds
1995]. Then, the average values of 7 for 8, 13—15 and 17
for the cis-vacant and trans-vacant structures are 0.303
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and 0.412, respectively. These values are close to the
experimental one from Drits and McCarty (1996) and
can be very useful for further XRD refinement studies.
Thus, we can determine the cis-vacant proportion (P.;)
of the experimental samples of Tsipursky and Drits
(1984) by means of the equation:

Pcis =100 x(Ttmns - T)/(Ttmns - Tcis) 3 (5)

where 7., (0.412) and 7. (0.303) are our calculated
values and t is the experimental value of the sample.
This corrected proportion cis/trans was applied to our
calculated lattice parameters, following Eq. (6) as
explained above:

h = hcisPcis + htrans(l - Pcis) ) (6)

where h represents the calculated values of a, b, ¢, and f§
parameters in each case for each configuration and /.
and #4,,,,, are the calculated values for the cis- and trans-
vacant configurations, respectively. A better agreement
with the experimental values was obtained with this
approximation (Table 3).

Cation substitution effect on the lattice parameters

While in the frans-vacant samples with Ca®>* or Mg ™"
as interlayer cations (10 and 11) the calculated values of
¢ and f are lower than in the rest of the series, these
differences are not so significant in the cis-vacant con-
figurations. Probably these divalent cations fit better in a
cis-vacant system than in a frans-vacant one. On the
other hand, the high theoretical value of ¢ with respect
to the experiment found in the trans-vacant sample with
very low interlayer charge (4) is lower and closer to the
experiment in the cis-vacant configurations. Probably
this configuration is more stable for this composition.

As in the trans-vacant samples, a slight increase of b
is observed in the cis-vacant with the increase of the
interlayer charge but only in the order of 0.1%. The
increase in Fe content produces a decrease in a and b,
presenting linear relationships in both parameters. Thus,
in potassium samples with a composition of K4
(Sig_xAl)(Als_,Mg,Fe.)O,(OH)4 (Where x = 0.8-1 and
y = 0.4-1) the Fe substitution effect on a and b can be
expressed quantitatively by the equations:

a=5.174 — 0.038(Fe*") (R* = 0.9565) (7)

b =9.038 — 0.033(Fe*") (R* = 0.9847) | (8)

where Fe* " represents the Fe content for unit cell. In the
trans-vacant samples the Fe effect on ¢ was negligible
and the Fe effect on b was higher than in the cis-vacant.
On the other hand, in the cis-vacant structure a decrease
of parameter ¢ is observed with the increase of the Mg
content, presenting a linear correlation. Thus, in potas-
sium samples with a unit-cell composition K g4y
(Si7'2A10.8)(A14_°ngx)020(OH)4, the Mg substitution
effect on ¢ (in A) can be expressed quantitatively by the
equation:
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¢ = 10.045 — 0.093 Mg (R* = 0.9605) , 9)

where Mg represents the Mg content for O,o(OH), unit
cell. This effect is lower than in trans-vacant configura-
tions (slope = —0.18, Sainz-Diaz et al. 2001). The in-
crease in Mg content in the octahedral sheet produces an
increase in the interlayer charge and attractive interac-
tions in the interlayer space, decreasing the interlayer
d(001) spacing. A similar relationship is found in
experimental results of illite/smectites with a high pro-
portion of cis-vacant layers (Tsipursky and Drits 1984),
close to our results with the equation:

¢ =10.18 — 0.12Mg (R = 0.7450) . (10)

The intercept is slightly higher than in Eq. (9), due to the
contribution of the small proportion of trans-vacant
layers in the experimental samples. The low value of R in
Eq. (10) is due to the high dispersion of compositions in
the natural samples.

Cation substitution effect on the
cis- and frans-vacant proportion

Small energy differences are found between the cis-
vacant and trans-vacant configurations for each com-
position (Table 3). In general, from our calculations the
higher the smectitic composition the lower the energy of
the cis-vacant configuration (lower values of AFE in
Table 3). This fact is consistent with the experimental
behaviour in I/S minerals, where the cis-vacant propor-
tion is higher when the smectite content is also higher
(Drits et al. 1998). In samples with a very high Mg>™"
content in the octahedral sheet (6), the calculated trans-
vacant configuration is more stable than cis-vacant, in
accord with experimental results (McCarty and Reynolds
1995). Analogously, in calculations of samples with a
very high Fe’" content (16), the trans-vacant configu-
ration is also more stable than the cis-vacant, as observed
experimentally in nontronites (Manceau et al. 2000).
An increase of the calculated relative energy (AE =
E. — E,..,s) with the increase in Mg content is observed
with a linear relationship (Fig. 2, R> =0.9711). In the
same way, an increase of calculated AE with the increase
in interlayer charge was observed with a linear relation-
ship (Fig. 2, R*=0.9877). A similar behaviour is

14
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Fig. 2 Effect of the Mg content (per unit cell, closed symbols) and
interlayer charge (per unit cell, open symbols) on the energy difference
(AE)] between cis- and frans-vacant configurations (in kJ mol™' unit
cell™)
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observed experimentally; the illitic samples and micas
(higher interlayer charge) have mainly a trams-vacant
configuration, whereas in the smectitic samples (lower
interlayer charge) the proportion of cis-vacant configu-
ration is higher.

Recent experimental results on the distribution of
octahedral cations in illites and illite-smectites (McCarty
and Reynolds 1995; Drits and McCarty 1996) found the
absence of coexisting cis- and trans-vacant configura-
tions within the same octahedral sheet, where both
configurations belong to different layers. Then, the cis/
trans population for each sample at a given temperature
may be calculated by means of a standard population
analysis method. Thus, taking into account the relative
energy of cis with respect to the trans configuration, the
proportion of cis-vacant configuration at 300 K and
normal pressure and as ideal models was calculated
(Table 3). In the relationship between cis/trans ratio and
composition, we have found trends theoretically similar
to the experimental results. However, the energy differ-
ences between both configurations are small and many
external factors can affect this cis/trans proportion in
nature and in the cis/trans transformation. This means
that no predictive correlation can be obtained experi-
mentally and theoretically about the direct effect of
cation substitution on the cis/trans proportion. Experi-
mental studies found that smectites from the same de-
posit with very close chemical composition may have
different cis-/trans-vacant layer proportion, finding also
the same observation on illites (Tsipursky and Drits
1984; Drits et al. 1993). Their interpretation is that dif-
ferent physical conditions during the illitisation were
responsible for the structural variations for both mech-
anisms dissolution/precipitation and solid-phase trans-

formation. In general, the amount of cis-vacant layers
decreases with the increase in illite layer proportion in
natural I/S samples (Drits et al. 1996; Cuadros and Al-
taner 1998), but no direct correlation has been found.
This cis/trans transformation during the illitisation is
faster in a dissolution-reprecipitation process, whereas in
a solid-phase illitisation the cis/trans change is much
slower or it does not occur. Probably the cis/trans rela-
tive energy has a more significant role in a solid-phase
illitization that in the another mechanism where differ-
ent kinetics or external factors can participate.

On the other hand, the formation of only frans-vacant
configurations in the rehydroxylation of dehydroxylated
smectites does not mean that the trans-vacant is the most
stable configuration. From our calculations, only some
samples have the trans-vacant as the most stable, with a
small energy difference. Probably the path reaction
between the dehydroxylated structure with pentacoor-
dinate Al atoms (Drits et al. 1998; Emmerich et al. 1999)
to the trans-vacant rehydroxylated structure has inter-
mediates or transition states with lower energy than
necessary to obtain the cis-vacant one.

Hydroxy groups in cis-vacant and frans-vacant
configurations

The calculated values of OH-bond length, the orienta-
tion angle (p) of the O—H bond with respect to the (001)
plane (Giese 1979), and the main distances to the sur-
rounding tetrahedral oxygens are presented in Table 4.
Both cis-vacant and trans-vacant configurations have
been included for comparative studies. HI, H2, and H3
represent the distances of the H atoms to the basal tet-

Table 4 Structural features of the hydroxy groups in the cis-vacant (cis) and trans-vacant (trans) configurations of illite/smectites (dis-

tances in A, angles in degrees)

Sample d(OH)?* p(OH)b HI1¢ H2¢ H3¢ H4/H5°¢
cis trans cis trans cis trans cis trans cis trans cis trans

1 0.979 0.979 51.2 50.8 2.54 2.57 3.13 3.17 3.19 3.17 2.84 2.85
2 0.976 0.977 37.2 31.3 2.53 2.55 2.97 2.88 2.92 2.88 2.83 2.82
3 0.981 0.980 37.5 37.7 2.57 2.53 2.93 2.95 2.93 2.95 2.79 2.78
4 0.981 0.981 55.7 55.8 2.55 2.54 3.21 3.26 3.21 3.26 2.87 2.85
5 0.981 0.981 54.2 54.3 2.51 2.53 3.26 3.23 3.20 3.23 2.84 2.84
6 0.979 0.982 9.4 2.8 2.71 2.78 2.60 2.55 2.63 2.55 2.87 2.88
7 0.978 0.979 44.5 40.8 2.48 2.48 3.10 3.03 3.10 3.03 2.82 2.81
8 0.977 0.979 38.7 33.2 2.48 2.50 3.03 2.92 2.97 2.92 2.81 2.81
9 0.977 0.979 31.0 23.3 2.48 2.54 2.87 2.80 2.93 2.80 2.81

10 0.977 0.979 31.6 19.5 2.44 2.58 2.89 2.75 2.83 2.75

11 0.979 0.979 31.6 21.9 2.46 2.55 2.92 2.77 2.87 2.77 2.80

12 0.982 0.982 32.1 27.4 2.51 2.50 2.90 2.82 2.87 2.82 2.77 2.76

13 0.982 0.982 31.6 28.0 2.54 2.52 2.87 2.84 2.90 2.84 2.77 2.76

14 0.977 0.977 30.0 21.2 2.50 2.57 2.85 2.77 2.91 2.77

15 0.987 0.988 17.0 12.1 2.73 2.71 2.69 2.65 2.71 2.65

16 0.999 52.9 26.3 2.57 2.52 3.02 2.80 3.02 2.80 2.85 2.62

17 0.978 0.980 27.6 19.4 2.46 2.55 291 2.76 2.84 2.76 2.78 2.80

#0O-H bond length
® Orientation angle of OH bond with respect to (001) plane
¢See Fig. 3



rahedral oxygens. H1 is the distance between the H atom
with the basal oxygen that is closer to the plane formed
by the H atom and the dioctahedral sharing edge of the
OH group (the basal tetrahedral oxygen will have the
same fractional coordinate y with respect to the b axis as
the H atom). H2 and H3 are the distances of the H atom
to the basal oxygens that are vicinal to the former one of
HI (Fig. 3). H4 and H5 represent the distances between
this H atom and the apical oxygens of the tetrahedra
that are in front of it (Fig. 3). In general, the H-atom
geometry is controlled by the interactions with these
oxygens and the interlayer cation.

The O—H bond lengths of cis-vacant and trans-vacant
are very similar and no significant difference is detected.
For both configurations, an increase in O-H bond
length with the increase in Fe®" content is observed
(samples 3, 12, 13 and 15). Obviously, the increase in O—
H bond length is related to a decrease in v(OH) vibration
frequency. This is consistent with the experimental val-
ues of the stretching vibrational frequency v(OH) of the
M-OH-M groups, which decrease with the increase in
Fe content (Besson and Drits 1997). This fact has been
corroborated by means of quantum-mechanical calcu-
lations of molecular clusters representative of these M—
OH-M’ systems (Sainz-Diaz et al. 2000).

In general, the orientation angle (p) is higher in the
cis-vacant system than in the trans-vacant (Table 4). In
the samples 1, 3-5, where the interlayer charge is low,
the p values are similar for both configurations. A good
linear relationship between the p values of the cis-vacant
and trans-vacant configurations is observed (Fig. 4a),
showing a similar behaviour of the OH groups for both
configurations.

Since the hydroxy group orientation depends largely
on the cation charges, we can correlate the angle p with
the tetrahedral, octahedral and interlayer charges. Tak-
ing into account that partial occupancies of cations are
used in the tetrahedral, octahedral and interlayer cation

Ob/$i“““"':“,0b

’, ///
\\ H loa "H1 /,I" —
8 Si

A |
O,
Al

Fig. 3 Definition of the main distances of the H atoms of OH groups
to the surrounding oxygens of the tetrahedral sheet. O, and O,
represent the apical and basal tetrahedral oxygens, respectively
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sites, a random distribution of these cations has been
considered in these layers. Hence, the values of p will be
averaged values, as in most experimental data. For both
cis-vacant and trans-vacant (Fig. 4b) configurations, p
decreases with the increase in interlayer charge with a
linear relationship for the most of our series, following
the expressions:

p=61.83-2222Q;c (R*=0.8732, for cis-vacant)

(11)
p=61.83—-2580Q;c (R*=0.9095, for trans-vacant) ,
(12)

where Q¢ is the interlayer charge for unit cell. This is
consistent with previous electrostatic energy calculations
on dioctahedral micas (Giese 1979). From Egs. (11) and
(12), we can conclude that the interlayer charge effect on
p is similar for both kinds of configurations, although
this effect is slightly higher in the trans-vacant.

We have performed multiple regressions correlating
the p values with the Mg and tetrahedral Al contents, in
order to observe the effect of the tetrahedral and octa-
hedral charges on the OH orientation angle (p). Thus,
the following expressions were obtained:

p=61.49 — 1.14 T(40.15) — 1.13 M(40.09)

(R* = 0.9452, for cis-vacant)  (13)
p=62.76 — 1.64T(£0.13) — 1.31 M(40.08)
(R*> = 0.9677, for trans-vacant) , (14)

where T and M represent the percentage (%) of Al in
tetrahedral sheet and Mg in octahedral sheet, respec-
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Fig. 4a, b Orientation angle (in degrees) of the hydroxy groups (p).
Relationship between the p values in cis- and trans-vacant configu-
rations (a), and effect of the interlayer charge (per unit cell) on p for
trans-vacant structures (b)
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tively. This analysis can be considered as successful in
that p can be predicted with reasonable accuracy for our
samples. Hence, the effect of the tetrahedral charge is
higher than that of the octahedral charge in the trans-
vacant configurations, while both effects are similar in
the cis-vacant systems. In both configurations, the
increase of the tetrahedral or octahedral charge
produces a decrease of p.

The H, m =1, 2, 3, 4 and 5) distances depend sig-
nificantly on p and O-H bond length. The lower p, the
higher H1, and the lower H2 and H3. These H,, values
for cis- and trans-vacant configurations are similar to
each other, and the small differences follow the same
trend of p. The differences between H2 and H3 are not
significant, and H4 and H5 have values similar to each
other. This means a high symmetry of the O-H bond
orientation with respect to the tetrahedra neighbour-
hood. H1 is the shortest O...H distance (2.4-2.7 A), and
H4 and H5 are higher (2.6-3.3 A, and 2.8-2.9 A for H2/
H3 and H4/HS5, respectively). H1 decreases with the
increase of the tetrahedral charge (Fig. 5). The substi-
tution of Al in the tetrahedra produces a charge increase
in the tetrahedral oxygens that increases the H-bonding
interactions with the H atom, producing a decrease of
HI1. This is consistent with spectroscopic studies of
stretching vibrations of OH groups [v(OH)], where this
effect produces a frequency decrease (Besson and Drits
1997). A decrease in H2 is observed with the increase of
interlayer charge (Fig. 5). The interlayer charge increase
yields an increase in the interlayer cation concentration.
The repulsion between these cations and the H atom
produces a decrease of p and hence a decrease of H2.
These theoretical values are consistent with experimental
O...H distances from powder neutron diffraction
on muscovite (K; gNag 14 (Al 26F€0.46Mg0.32Ti0.06) (Si.a
Al; 6)O20(OH)y) (Catti et al. 1994), where HI =
2.64 A and H2/H3 = 2.62-2.67 A. Taking into account
the composition of this muscovite (tetrahedral
charge = 1.6, interlayer charge = 1.94) and Fig. 5, our
calculated values would be 2.5 and 2.64 A for H1 and
H2, respectively.
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Fig. 5 Effect of the tetrahedral charge on the H1 (H...O) distance
(open circles), and the interlayer charge on H2 (solid circles). Distances
(d) are in A and charges are per unit cell

Conclusions

The use of a suitable transferable empirical potential set
can reproduce theoretically the main structural proper-
ties of dioctahedral 2:1 phyllosilicates with a wide range
of interlayer charge. Both kinds of configurations, cis-
and frans-vacant, are well reproduced by means of these
calculations. Apart from quantitative cis-/trans-vacant
determination, accurate values of 7 for pure cis-vacant
and trans-vacant configurations are difficult to obtain
experimentally. These 7 values can be predicted by
means of our calculations, allowing more accurate cal-
culation of the cis-/trans-vacant ratio. Therefore, taking
into account the experimental cis-/trans-vacant propor-
tion, the calculated structures are in agreement with
experiment for the main structural features of the crystal
lattice.

Octahedral and tetrahedral cation substitution effects
on the main crystal lattice parameters of cis-vacant
systems are lower than in the trams-vacant configura-
tions, showing good linear correlations. Our theoretical
results are consistent with the experiment in the cases
where this cation substitution effect has been detected
experimentally. The good assessment of this force field
encouraged us to use it in an order/disorder study of the
cation distribution in these minerals, which is in progress
and will appear in forthcoming papers.

The energy differences between the cis-vacant and
trans-vacant configurations are small for a certain
composition. Nevertheless, we found good agreement
with experiments. In our calculations a higher popula-
tion of cis-vacant layers is found in the more smectitic
samples, whereas the trans-vacant population is higher
in the illitic samples, as found experimentally. In the
cation substitution effect on the cis-/trans-vacant relative
population similar trends were found theoretically and
experimentally, especially in the effects of Mg and Fe
content. However, no predictive correlation can be ob-
tained with both theoretical and experimental ap-
proaches. This fact can be explained by the small energy
difference between both configurations, and any external
factor can alter this cis/trans ratio and the cis/trans
transformation mechanism in nature.

The calculated OH-bond length is slightly higher than
the experimental values, and no significant difference
was found between cis- and trans-vacant configurations.
Nevertheless, an increase in O-H bond length with Fe
content is found, in accord with the experimental fact of
the decrease of v(OH) with increase in Fe content. The
orientation angle of the O—H bond with respect to the
(001) plane (p) is slightly higher in the cis-vacant system
than in the trans-vacant. Nevertheless, a similar beha-
viour of p with the cation substitution was found for
both kinds of configurations. A decrease of p was
observed with the increase of interlayer charge. The
increase of interlayer charge produces an increase of
interlayer cation population. The higher repulsion
interaction between the H atom and interlayer cation



makes p lower. This interaction produces the same effect
on the H2 (H...O) distance. The higher interlayer charge,
the shorter the H2 distance is. The H1 (H...O) distance
decreases with the increase of the tetrahedral charge.
Our calculations reproduce the increase in the H-bond-
ing interactions with the tetrahedral Al substitution,
detected experimentally in the v(OH) frequencies. These
H,, (H...O) distance variations are similar for both cis-
and frans-vacant configurations. Therefore, our calcu-
lations can predict the OH group geometry in these
minerals that is not possible to determine experimen-
tally, and this theoretical study can be a useful tool for
experimental work.
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